When a pulse superposed on a cw background propagates through an erbium-doped fiber amplifier with a negative group velocity, either pulse broadening or pulse compression can be observed. These effects can be explained in terms of two competing mechanisms: gain recovery and pulse spectrum broadening. The distortion of the pulse shape caused by these effects depends on input pulse width, pump power, and background-to-pulse power ratio. With the proper choice of these three parameters, we can obtain significant pulse advancement with minimal pulse distortion.
The use of controllable slow-and fast-light pulse propagation through material systems has been of recent interest to the telecommunications and information processing communities. 1, 2 Since distortion can compromise the information content of a stream of pulses, distortion reduction mechanisms are particularly important. Several investigations have been concerned with pulse-distortion compensation in slow-and fast-light systems using multiple gain lines or phase masks. [3] [4] [5] [6] Recently, we observed pulse compression 7 as well as pulse broadening 8 in an erbium-doped fiber amplifier (EDFA) by about 10% of the pulse width in each case. In both cases, the amplifier was operated in the fast-light regime with fast-light propagation occurring as a consequence of coherent population oscillations (CPOs). The intent of this Letter is to investigate the mechanisms responsible for the pulse broadening and compression and to demonstrate that distortion can be minimized while maintaining significant pulse advancement.
Fast light by CPOs occurs in the nonlinear regime, i.e., when the signal power is comparable with or greater than the saturation power of the medium. In such cases, pulse broadening and compression can be described in terms of two competing mechanisms. Pulse broadening is caused by a time-dependent saturation of the amplifier gain. Without any background, the amplifier gain is quickly depleted by the leading edge of a pulse, but a strong applied pump field can re-excite the medium. This gain recovery occurs over a characteristic time that depends on both the lifetime of the metastable state and the applied pump intensity. If the input pulse duration is comparable with or longer than the gain recovery time, the trailing edge of the pulse may experience this recovered gain, broadening the pulse. 9 Pulse compression, on the other hand, can be induced by superposing a pulse on a cw background that is larger than the saturation intensity of the EDFA (I sat ϳ 3 kW/cm 2 at 1550 nm). In this case, CPOs create a narrow hole in the EDFA gain profile and thus produces anomalous dispersion. As a result, the wings of the pulse spectrum experience a larger gain than the central frequency components, thereby broadening the pulse spectrum and compressing the pulse in the time domain. Cao et al. explained this pulse compression with the negative second derivative of the absorption coefficient and derived the pulse compression and the advancement factors. 10 This mechanism, which we refer to as pulse spectrum broadening, competes with gain recovery. By controlling these two mechanisms, we can regulate the amount of broadening or compression experienced by a pulse during propagation through an amplifier.
To examine the advancement and distortion effects, we have performed experiments using the setup illustrated in Fig. 1 . We use a tunable 1550 nm diode laser and an electro-optic modulator (EOM) to generate a Gaussian pulse on a variable-intensity background. Two percent of this signal beam is split off for use as a reference, while the rest is sent into an EDFA that is pumped by a copropagating field from a 980 nm diode laser. The output pulse is measured after filtering out the pump using a wavelength division multiplexer (WDM). Furthermore, to model our experimental observations, we perform computer simulations of pulse propagation through the EDFA by numerically solving the five-levelsystem rate equations for erbium ions, including amplified spontaneous emission 11 (ASE). To characterize pulse-width distortion, which is pulse broadening or compression, we define the pulse-width ratio as the ratio of the output pulse full width at half-maximum (FWHM) to the input pulse FWHM ͑ out / in ͒. Another important parameter is the background-to-pulse power ratio ͑P bg / P pulse ͒. In Fig.  2(a) , we plot the pulse-width ratio against the background-to-pulse power ratio for various input pulse widths. The pump power P pump and pulse power P pulse are 35 mW and 55 W, respectively, and the average inversion level, N e − N g / N e = 0.9, where N e and N g are the number density of erbium ions in the EDFA. Under our experimental conditions, pulsewidth ratios between 0.84 and 1.43 were observed for different pulse widths and background-to-pulse power ratios. The experimental results are well described by the numerical model. However, fractional advancement, the ratio of pulse advancement to input pulse FWHM, was found to be independent of the power ratio as shown in Fig. 2(b) . Therefore we conclude that the power ratio can be used as a free parameter to minimize the pulse distortion without changing the fractional advancement. The output pulse width is equal to the input pulse width when the background-to-pulse power ratio is about 0.3, 0.8, and 2.4 for pulse widths of 2, 5, and 10 ms, respectively.
In addition, the time traces of the input and output pulse for 2 ms pulse width are shown in insets (1), (2) , and (3) of Fig. 2 at power ratios of 0, 0.8, and 2.5, respectively. Pulse broadening due to the gain recovery effect occurs at low background-to-pulse power ratio as shown in inset (1) of Fig. 2 , while inset (3) illustrates that a higher background-to-pulse power ratio is associated with a smaller gain recovery effect and larger pulse spectrum broadening, resulting in a tendency toward pulse compression. Furthermore, the broadening effect for 2 ms pulse width is weaker than that for longer pulse widths, since the pulse tail exits the material too quickly to experience the recovered gain. The dip in the tail of the output pulse of inset (1) of Fig. 2 is caused by the reduced ASE. Note that the pulse widths of the input and output pulses are equal for a background-to-pulse power ratio of 0.3 as shown in inset (2) of Fig. 2 , which indicates that the pulse-width distortion is eliminated by controlling the power ratio.
Even though the pulse-width distortion is removed, the trailing edge of the pulse of inset (2) where EЈ͑t͒ and E͑t͒ are the normalized output and input field envelopes, respectively, ⌬t is the time advancement of the pulse, and ␦t is the temporal resolution of our detection system. The first term represents the distortion caused by pulse reshaping, and the second term is a measure of noise. Figure 3 shows a distinct pattern in both the experimental and numerical data. At low power ratios, the primary source of distortion is pulse broadening associated with gain recovery, leading to the behavior shown in inset (1) of Fig. 2 . However, once the power ratio becomes higher (Color online) (a) Experimentally measured (symbols) and theoretically predicted (curves) pulse-width ratio versus background-to-pulse power ratio for different pulse widths. The horizontal line at the pulse-width ratio of 1 represents no pulse-width distortion. Inset: experimentally measured input (dashed curve) and output (solid curve) pulse waveforms illustrate distortion accompanied by (1) broadening, (2) no pulse-width distortion, and (3) compression. (b) Experimentally measured (symbols) and averaged (lines) fractional advancement versus background-to-pulse power ratio. Fig. 1 . Experimental setup. The signal beam is sent through an isolator and coupled into a fiber. The pump beam at 980 nm and the signal beam at 1550 nm are combined at a WDM and copropagate through the EDFA. P pulse and P bg represent the power of the pulse and the background, respectively.
than the minimum distortion point, pulse compression becomes the dominant contribution to the distortion, leading to the behavior shown in inset (3) of Fig.  2 . To emphasize the possibility of reducing pulseshape distortion, time traces of the input and output pulse for 10 ms pulse widths at power ratios of 0 and 1.2 are shown in insets (1) and (2) of Fig. 3 . Note that the 10 ms output pulse at zero power ratio shows a stronger pulse broadening effect than that of the 2 ms pulse width in inset (1) of Fig. 2 . In addition, the input and output pulse shapes at a power ratio of 1.2, which is approximately the minimum distortion point, show pulse advancement with little distortion. Thus proper selection of the power ratio for a particular pulse width can reduce pulse distortion. Furthermore, we investigated the dependence of pulse distortion on pump power because the process of gain recovery is pump power dependent. The pulse power and the pulse width were held fixed at 80 W and 10 ms, respectively, while the average inversion level was about 0.86, 0.79, and 0.54 for the pump powers of 10.2, 17.5, and 24.7 mW, respectively. These results are shown in Fig. 4 . The gain recovery becomes stronger if the pump power increases and compensates for the pulse spectrum broadening at the higher background-to-pulse power ratios. The fractional advancement of a Gaussian pulse of 10 ms pulse width is largest when the pump power is 17.5 mW, agreeing very well with Ref. 8 , and has no significant dependence on the power ratio.
In conclusion, we observed pulse broadening and compression effects in fast-light propagation through an EDFA. These results can be interpreted by examining the competing mechanisms of gain recovery and pulse spectrum broadening. We found that distortion depends on pulse width, pump power, and background-to-pulse power ratio and that under many conditions pulse distortion effects can be minimized by adding a background of appropriate power. With a 10 ms pulse width, significant fractional advancement ͑ϳ0.17͒ and minimal distortion was obtained for a background-to-pulse power ratio of about 0.75 and a pump power of 17.5 mW. and theoretically predicted (curves) pulse-shape distortion versus background-to-pulse power ratio for different pulse widths. Inset: experimentally measured input (dashed curve) and output (solid curve) pulse waveforms of 10 ms pulse width at power ratios of (1) 0 and (2) 1.2, respectively.
